I. INTRODUCTION
N EXT-GENERATION memory technologies need to satisfy the requirements of high speed, low power consumption, high recording density, and long endurance. They also have to be scalable to small sizes. The emerging memory technology spin-transfer torque (STT) magnetic random access memory has shown the potential to meet all the above requirements. The STT effect was first demonstrated in devices with in-plane magnetization. However, in order to increase memory density and writing ability, perpendicular magnetic anisotropy (PMA) materials were introduced into the memory cell and were found to successfully exhibit the STT effect [1] .
Many PMA materials were developed in recent years and implemented in perpendicular magnetic tunnel junctions (p-MTJs). The p-MTJs based on either Co/Ni, Co/Pd, and Co/Pt multilayers [2] - [4] or (Co, Fe)-(Pt, Pd) L1 0 alloys [5] , [6] exhibit a relatively low magnetoresistance ratio and a high critical current due to their low spin polarization and a large Gilbert damping constant [7] .
Theories and experiments [8] - [10] have proven that MTJs with (100)-oriented Fe or similarly oriented Co-Fe-B alloys as both the free and pinned layers adjacent to (100)-oriented MgO possess coherent interface tunneling and result in high tunneling magnetoresistance ratios, low barrier layer resistance (RA) values, and low Gilbert damping constants.
Unfortunately, development of a PMA in such materials has proven problematic. Some researchers claim that a PMA can be created only through the hybridization of Fe 3d and O 2p orbitals at the Fe\MgO interface, while others show that placing an appropriate underlying nonmagnetic material is critical to developing PMA. In 2009, Worledge [11] found that a Ta\Co-Fe-B\MgO stack developed a PMA. This work prompted others to look at the effects of other underlayers including Mo [7] , Hf, Pd, and Pt [12] , and Ru, Ta, V, Mg, Al, Ti, V, Cr, and W [13] . In addition, Jung et al. [14] and Nistor et al. [15] , respectively, substantiated that Pd and Pt underlayers to MgO yielded a PMA. Particularly important was the establishment of a high-temperature stabilized PMA since annealing was generally required to obtain the (100)-orientation in the MgO. Here, we report the results of our work focused on developing a PMA in Co 20 Fe 60 B 20 \MgO using a wide range of elements (Ti, V, Cr, Zr, Nb, Mo, Ru, Rh, Pd, Ag, Hf, Ta, W, Re, Os, Ir, Pt, and Au) encompassed by groups IVA, VA, VIA, VIIA, and VIIIA of the periodic table as precursor underlayers and exploring what enables these underlayers to enhance or create a PMA.
II. EXPERIMENT
All layers were grown in a multi-chamber magnetron sputtering deposition system at room temperature with a base pressure of 6.6 × 10 −7 Pa (5 × 10 −9 torr). An argon gas pressure of 0.239 Pa (1.8 mtorr) was maintained during deposition. The thickness of each deposited film was determined by two quartz crystal oscillators located on either side of the sample. The MgO layer was an RF magnetron sputtered from a MgO single crystal target while the other materials were deposited in dc magnetron mode from alloy targets of the same composition as the deposits. The full stack structure was as follows:
SiO 2 (substrate)\underlayer (4 nm)\Co 20 Fe 60 B 20 (1 nm)\ MgO (2 nm)\Ta (3 nm) cap.
After sputter deposition, half of each sample was annealed in vacuum at 280°C (1 h) in a 400-kA/m perpendicular magnetic field. Then both halves were examined using a 0018-9464 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. vibrating sample magnetometer (VSM) and a magneto-optical Kerr microscope (MOKE) at near perpendicular incidence at 300 K to determine which samples possessed a PMA. Both the VSM and MOKE provided similar results.
III. RESULTS Fig. 1 shows MOKE images for a number of Co 20 Fe 60 B 20 \ MgO samples deposited on top of a 4 nm-thick layer of the indicated material in the annealed condition, except for the Cr underlayer sample that is shown in the as-deposited condition. All the images were obtained as follows: the sample was first saturated in one direction and then a reversed perpendicular field approximately equal to the coercivity was applied and the sample imaged. Note all the images either have circular domains or an interconnected network of bright and dark domains. This is the appearance of a material having magnetization vectors directed in opposite directions perpendicular to the plane of the film (i.e., having a PMA). All the MOKE images are at the same amplification (note the 100 µm markers in Fig. 1 ) to assist in the comparison of domain sizes. A summary of all the MOKE results is shown in Table I , ordered according to the underlayer as they would appear in the periodic table of the elements. Additional information is also included which has a bearing on the crystallography of the underlayer, and a key to the information included in each box is given below Table I. The magnetization (M) direction in the samples is given just under the atomic number in each box: as means the as-deposited condition and ann means the annealed condition, with // indicating that M is in the plane of the film, while ⊥ indicates that M is perpendicular to the film plane. All samples were crystalline after annealing. (The Hf and Ta layers were amorphous as deposited.) Table I shows that when Zr, Nb, Pd, and Pt were used as the underlayers, in the as-deposited condition, the Co 20 Fe 60 B 20 magnetization was in the film plane. However, after the 280°C anneal for 1 h, Co 20 Fe 60 B 20 with the Zr or Nb underlayer had changed to the perpendicular direction. For the case of Pt or Pd as the underlayer, PMA in the Co 20 Fe 60 B 20 was not found after the 280°C (1 h) anneal, but an earlier study found that Pt and Pd gave CoFeB/MgO a PMA after annealing above 400°C [12] . Consequently, Co 20 Fe 60 B 20 with Zr, Nb, Pd, and Pt underlayers will become perpendicularly magnetized after annealing at a high enough temperature. When Mo, Hf, Ta, W, Re, and Ir were used as the underlayer, the Co 20 Fe 60 B 20 had a PMA in both the as-deposited and annealed conditions. Consequently, if Co 20 Fe 60 B 20 developed a PMA using a 3d, 4d, or 5d transition element underlayer, it was either created or remained after annealing. The one exception to this rule was a Cr underlayer sample. In the latter case, the PMA was created in some parts of the sample during deposition, but it was destroyed during the 280°C anneal. From Table I , it is obvious that those underlayer elements that contribute to creating a PMA in a 1 nm-thick layer of Co 20 Fe 60 B 20 having MgO on top are systematic, composed of the 4d elements with low atomic numbers 40 to 42 and most of the 5d elements with atomic numbers between 72 and 79. The two exceptions are Au and Os where the latter failure may be due to the cracked and highly oxidized condition of the sputtering target.
IV. DISCUSSION Based on the above results, we discuss the reasons why some elements can create a PMA in Co 20 Fe 60 B 20 and others cannot. First principal calculations and many experiments [17] have proven that hybridization of Fe 3d and O 2p orbitals at the Fe\MgO interface will create a PMA in Fe. Other experiments proved that the dual layers of MgO in a MgO\CoFeB\MgO trilayer stack [18] , [19] could also create a PMA in CoFeB. Furthermore, Nistor et al. [15] showed that many different oxides can also give rise to an interfacial PMA. Recently, while finding and investigating the development of a PMA in Co in a Pt/Co/AlO stack, our group found the PMA development was sensitive to the Co layer thickness and the ratio of oxygen to Al in the AlO layer.
From the above, it is clear the Fe-O bonding can create a PMA at the CoFeB/MgO interface. Worledge et al. [13] concluded from his subsequent investigation of a Ta/CoFeB/MgO stack that the PMA he found developed in that structure was simply due to the Ta absorbing B, thereby enriching the CoFeB layer in Fe that would increase the amount of Fe-O bonding with the MgO and therefore create the PMA in the trilayer. Table I shows that many underlayer elements other than Ta also lead to the development of a PMA in a Co 20 Fe 60 B 20 /MgO stack, and certainly, not all those other elements will absorb B at the interface with the Co 20 Fe 60 B 20 , either as-deposited or after annealing. Table I also shows that some elements cannot create a PMA in the Co 20 Fe 60 B 20 . Consequently, one must conclude that the correct underlayer is critical to inducing the PMA.
The major theories for creating PMA in CoFeB films involve the effects of strain, electronegativity, and electronic structure. Let us examine each of these influences separately. 
A. Magnetoelastic Anisotropy
Magnetoelastic anisotropy can have various origins: 1) thermal stress from the difference in thermal expansion coefficients between the film and substrate or between the thin film layers and 2) coherency strains due to a lattice mismatch between the adjacent layers [20] .
Yamanouchi et al.'s [17] experiments reported that the PMA is not very dependent on the degree of crystallinity of Ta; Ta and Hf are mostly amorphous as-deposited, while Mo and Pt [21] are crystalline. Yet, Table I shows they all can induce a PMA in the as-deposited CoFeB. Therefore, it is unlikely that stress created across an interface due to differences in crystallinity would be the cause of PMA development here.
Another source of stress could be the change in crystallography across an interface. Co 20 Fe 60 B 20 is body-centered cubic and its lattice parameter is 0.286 nm [16] . Another commonly used Co-Fe-B alloy, Co 40 Fe 40 B 20 , should also have a similar lattice constant since the structure is the same, only the Fe and Co concentration is changed, and the atomic radii of Fe and Co are very close to each other. The elements that can induce a PMA in Co 20 Fe 60 B 20 listed in Table I have different crystal structures. Ta, Nb, Mo, W, and Cr are bodycentered cubic, Ir, Pd, and Pt are face centered cubic, and Zr, Hf, and Re are hexagonal. The lattice parameters of these elements are quite varied as well. Consequently, there is no consistency in relating an induced PMA in Co 20 Fe 60 B 20 with a stress induced from a lattice mismatch. Presumably, this latter statement would also be true for Co 40 Fe 40 B 20 .
B. Electronegativity
Oh et al. [12] found Ta and Hf can create a PMA in as-deposited CoFeB, while Pd and Pt can create a PMA in CoFeB after annealing above 400°C. Those authors suggested the difference in electronegativities between these two groups of elements (1.5 and 1.3 for Ta and Hf, respectively, and 2.3 and 2.2 for Pt and Pd, respectively) can affect the formation of a PMA by changing the band filling of the 3d orbitals of the ferromagnetic layer, thereby influencing the degree of the Co (or Fe)-O bonding. The present investigation, however, found several underlayer elements with large electronegativities that did create a PMA in Co 20 Fe 60 B 20 without annealing. For example, note in Table I that Mo, Ir, and Re with respective large electronegativities of 2.2, 2.2, and 1.9 all created a PMA in Co 20 Fe 60 B 20 as deposited, which is contrary to the results described above for Pt and Pd. Consequently, our present data do not support a simple relationship between PMA in CoFeB and electronegativity of the underlayer element.
C. Interfacial d-d Hybridization
Another possible reason for the PMA is the interfacial hybridization, i.e., a strong spin-orbit (SO) interaction, between the magnetic and nonmagnetic metals. The 3d-2p Fe-O orbital bonding between Co-Fe-B and MgO at their interface belongs to this category [22] , [23] . However, Nakajima et al. [24] suggested that it is the 3d-5d hybridization that is highly localized at a Co\Pt interface that enhances the PMA in Co. In fact, there have been many reports about Co\Pd, Co\Pt, and Co\Au films having a Co PMA [24] - [26] . Our group recently deposited multilayer films of Pd\Co\Pd, Pt\Co\Pt, and Au\Co\Au, and in all these cases, the Co layer possessed a perpendicular magnetization.
We, consequently, believe it is most likely that d-d hybridization plays an important role in developing a PMA in all these underlayer (4 nm)\Co 20 Fe 60 B 20 (1 nm)\MgO (2 nm) films. From Table I , it can be observed that the interfacing of many 4d elements (Zr, Nb Mo, Pd) or 5d elements (Hf, Ta, W, Re, Ir, and Pt) to 3d elements (Co and Fe) does form a perpendicular magnetization in the Co-Fe-B film.
In the underlayer\Co 20 20 , the PMA will fail and its magnetization will be directed in the plane of the film.
V. CONCLUSION A broad survey of underlayers was conducted in the thin-film stack composed of underlayer (4 nm)\Co 20 Fe 60 B 20 (1 nm)\MgO (2 nm) on top of SiO 2 . The underlayer elements included column IVA, VA, VIA, VIIA, VIIIA, and IB elements in the periodic table. We observed that many elements can create a PMA in this film stack. When V, Zr, Pd, or Pt was used as the underlayer, the Co 20 Fe 60 B 20 magnetization was in-plane as-deposited and became perpendicularly magnetized after annealing. When Mo, Hf, Ta, W, Re, or Ir was used as the underlayer, the Co 20 Fe 60 B 20 magnetization direction was perpendicular in both the as-deposited and annealed conditions. All these underlayers are either group 4d (Zr, Nb Mo, and Pd) or 5d (Hf, Ta, W, Re, Ir, and Pt) elements. It is most likely the 3d (Co, Fe) to 4d or 5d electron hybridization plays an important role in dictating the magnetic anisotropy in all these underlayer\Co 20 Fe 60 B 20 \MgO films. We also found that Co 20 Fe 60 B 20 can have very different coercivities and domain structures with different underlayers. With this breadth in underlayers that can promote the development of a perpendicular magnetization in thin Co-Fe-B films, it should be easier to select the correct underlayer for the particular p-MTJ desired in the device being constructed.
